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CHAPTER 1 
INTRODUCTION
1.1 Process Tomography Overview 
The term tomography originated from two Greek words which were 'tomos'
and 'graph'.  'Tomos' means slice while 'graph' means picture.  Thus, the term 
tomography means a slice of a picture (Rahim and Green, 1997).  In other words, 
tomography can be defined as an approach to visualize the cross sectional image of 
an object (Pang, 2004a). The concept of tomography was first applied in medical 
field to diagnose lung disorders in the early 1930s (Dickin et al., 1992).  Two 
commonly known tomography system used for medical diagnosis are X-ray 
tomography and the Magnetic Resonance Imaging (MRI).  
During year 1980's, researchers from University of United Manchester 
Institute of Science and Technology (UMIST) began to apply the concept of 
tomography into industrial process monitoring system; where the investigated objects 
were the pipeline conveyors and process vessels. This field of application is 
commonly known as Industrial Process Tomography (IPT) or Process Tomography 
(PT) (Pang, 2004a).  Important flow information such as flow concentration, flow 
velocity and mass flow rate can be determined without the need to invade process or 
object.  This information helped industries in monitoring, verifying and improving 
their pipeline conveyor and process vessels operation (Leong, 2004).  In this 
research, knowledge in process tomography had been applied as the main concept to 
perform mass flow rate measurement. 
21.2 Background Problems 
The full automation of solid-handling plant has frequently not been possible 
because of the lack of a basic flow meter.  Previously used technique to measure 
solid flow often involved removing the material for weighing which was 
complicated, expensive and did not allow continuous feedback for automatic control 
(Green et al., 1978).  Many non intrusive techniques attempted to measure solids 
mass flow in pneumatic conveyor were elaborated by Beck et al. (1987).
Later, Xie et al. (1989) made an effort to measure mass flow of solids in 
pneumatic conveyor by combining electrodynamics and capacitance transducers.  
Rahim et al. (1996) investigated applications of fibre optics into optical tomography 
for flow concentration measurement.  Chan (2002) followed up and investigated 
mass flow rate measurement using optical tomography by relating the flow's 
concentration profile measurement with its mass flow rate.  This method first 
performs calibration by recording the flow's concentration percentage plotted against 
mass flow rate measured using weight scale and stop watch.  Based on their findings, 
the two variables had linear relation in light flow condition.  However, this technique 
requires re-calibration each time a new flow material is used.   
Cross correlation technique was proposed by Beck et al. (1987) for flow 
velocity measurement.  This function was successfully applied by Ibrahim and Green 
(2002a) for offline bubble flow velocity measurement using optical tomography.  In 
2003, Pang (2004a) implemented real time system for solid-gas flow concentration, 
flow velocity and mass flow rate measurement using optical tomography and data 
distribution system.  The cross correlation techniques being used by these researches 
were based on time domain cross correlation function, which was very time 
consuming. 
Pang (2004a) implemented four projections arrays (2 orthogonals and 2 
rectilinears) in optical tomography system.  The extra two layers (the Rectilinear 
layers) were used to filter the ambiguous image and smearing effects.  However, 
analogue acquisition was used to acquire all the measurements.  The obtained data 
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Using this method, valuable time was utilized for analogue to digital conversions.  
Furthermore, the number of sensors on the rectilinear was quite large.  Although the 
research successfully implemented real time optical tomography system, it required 
four powerful personal computers and a network hub in order to implement data 
distribution system.  The resulting system was large and not easily portable. 
1.3 Problem Statements 
i. Data acquisition and analysing data in optical tomography requires 
fast digitizer and high performance computing power.  In order to 
eliminate the use of expensive Data Acquisition System for sensor 
measurements and a powerful computer for data analysis, a high 
performance embedded system need to be designed and implemented.  
This embedded system must be able to perform data acquisition, 
analyse the measured data and support standard communication 
protocols.  It is also the main controller for the overall operation. 
ii. Signal measurement using Analogue to Digital Converter requires 
very long time, especially when the number of sensors is large.  
Alternative method such as voltage comparator to digitally sample 
signals on masking layer need to be investigated and applied.  A 
method to send the measurements quickly to the embedded system 
also needs to be designed and implemented. 
iii. Algorithms in processing acquired measurement data such as Pixel to 
Pixel correlation to obtain flow velocity is very computation intensive 
especially in this research where two layers of sensors totalling up to 
156 sensors are used.  Performing cross correlation to obtain velocity 
profile with only one hundred sets of data already requires thousands 
of calculations.  New techniques and algorithms need to be 
investigated to reduce the processing time required in order to achieve 
a high performance system. 
iv. The implementation of this research without using a computer as the 
main controller hinders user from changing settings or viewing results 
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need to be designed and implemented for user input and output 
processing.  Besides that, a tomography system without flow 
visualization seems odd.  Therefore, a GUI need to be developed to 
serve the purpose of displaying information for debugging and flow 
monitoring.
v. Programming techniques affects the performance of an embedded 
system significantly.  Deep understanding of memory architecture in 
the embedded system and code execution is required to develop 
optimized firmware for the system. 
1.4 Importance of Study 
The automation of solid material handling may be realized in the near future 
by having an instrument that is able to provide online solid-gas mass flow rate 
measurement.  Online measurement eliminates the need for removing material for 
weighing which is complicated and expensive.  Previous method of mass flow rate 
measurement using inverse solution of concentration measurement (Chan, 2002) 
requires calibration each time a new material is used or there is modification to the 
flow rig.  This research aims to implement algorithm based mass flow rate 
measurement which will not require any calibration constant. 
The implementation of this research using embedded systems results in a 
solid-gas mass flow rate meter that is small and portable.  The overall cost will also 
be significantly reduced compared to using standard Data Acquisition System and 
powerful computers (Pang, 2004a).  For industrial applications that are only 
interested in the mass flow rate measurement, the result can be seen on a LCD.  On 
the other hand, the instrument is also capable to visualize the material flow by 
connecting the instrument to a laptop via standard serial communication interface 
(RS 232).  The Graphical User Interface installed on the laptop will display the 
current reconstructed image, mass flow rate measurement or sensor values for data 
logging or monitoring purpose.
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Xie et al. (1989), Ibrahim and Green (2002a) and Pang (2004a).  Pixel to pixel 
correlation and sensor to sensor correlation were investigated by Ibrahim using 
offline system.  Later, Pang implemented online system with real time measurement.  
Both Ibrahim and Pang showed that the periphery velocity could be obtained by 
cross correlating the upstream sensor layer with the downstream sensor layer.  The 
fact that sensor to sensor correlation is much faster than pixel to pixel correlation 
motivates investigation of using the periphery velocity to obtain the velocity profile.  
By using this technique, significant amount of processing time can be reduced and 
therefore the overall system performance can be increased too. 
The cross correlation technique used in this research is optimized by 
performing the calculations in frequency domain (known as Fast Convolution).  
Commonly, cross correlation is performed in time domain as it is less complicated 
and resembles a direct implementation of the cross correlation equation.  By 
performing Fast Convolution, the processing time required to obtain velocity result 
reduces considerably as the number of cross correlation elements becomes larger.  
Noting that the input sequences for the cross correlation function are pure real values 
(not complex values) from the sensor data, the cross correlation function is optimized 
further using Fast Fourier Transform for pure real sequences (RFFT).  This again 
reduces the processing time required to convert the data to frequency domain.  In 
short, the results obtained from these investigations of using sensor to sensor cross 
correlation technique together with performing optimized cross correlation in 
frequency domain will significantly reduce the time required per mass flow rate 
measurement. 
Last but not least, the development of the firmware for the embedded systems 
was optimized to achieve highest speed possible.  Function calls, algorithms 
implementations and communication between sub systems were all developed with 
considerations for accuracy and optimum performance.  These optimizations are very 
important as they affect the overall performance considerably.  
61.5 Research Objectives 
This research aimed to develop an embedded system based solid-gas mass 
flow rate meter using optical tomography technique.  This research was carried out 
according to the following objectives: 
i. To implement embedded system as the main controller in an optical 
tomography system for the purpose of data acquisition, data analysis 
and result display. 
ii. To increase data acquisition rate by using high speed ADC for 
analogue sensor measurements and voltage comparators for sensors 
on masking layer.  
iii. To optimize the performance of hybrid image reconstruction 
algorithm in terms of accuracy and processing speed when carried out 
on embedded system. 
iv. To investigate the application and performance of cross correlation 
function carried out in frequency domain to obtain flow velocity. 
v. To investigate the application and performance of sensor to sensor 
cross correlation results in reconstructing flow velocity profile. 
vi. To implement algorithm based mass flow rate measurement using 
embedded system. 
vii. To investigate the performance of the overall system in carrying out 
image reconstruction, velocity profile measurement and mass flow 
rate measurements. 
viii. Finally, restudy the research result and make necessary suggestions 
and recommendations for further improvement. 
71.6 Research Scopes 
The scope of this research can be categorized as follows: 
i. The developed embedded system should have capability to process 
instructions at high speed, perform digital inputs and outputs, support 
standard communication protocols (SPI, SCI) and contain sufficient 
memory to store program and large amount of measurement data. 
ii. Two signal conditioning circuits will be designed for digital sampling 
and analogue sampling.  Digital sampling is used for masking purpose 
while the analogue sampling is needed to reconstruct the cross 
sectional image of the flowing material.  The Signal Conditioning 
Unit must be able to multiplex 64 analogue signals to ADC channels 
and 92 binary data to SPI channel on the embedded system.  
iii. The developed User Interface Unit will be able to decode keypad 
press and drives a 2-line, 16-character Liquid Crystal Display (LCD) 
panel to show the mass flow rate result and system settings.  This unit 
should support RS 232 communication with the main controller and 
perform user input and output with minimum dependency to the main 
controller. 
iv. The developed PC Graphical User Interface (GUI) software should 
display information for debugging such as sensor values and current 
settings for the embedded system.  Flow monitoring should also be 
supported by enabling the display of current reconstructed image and 
mass flow rate result.  The interface between the GUI and the 
embedded system is based on standard RS 232 serial interface. 
v. The performances of algorithms and implementations of velocity 
profile construction using sensor to sensor correlation, pixel to pixel 
correlation, processing in time domain and processing in frequency 
domain are investigated.  
vi. The overall system should be optimized to perform image 
reconstruction, velocity profile measurement and mass flow rate 
measurement using programming techniques. 
vii. Results obtained should be verified by comparing between experiment 
results to theoretical calculations. 
81.7 Thesis Organization 
Chapter 1 provides an introduction to process tomography, research 
objectives, background problems, scope of study and the importance of study. 
Chapter 2 reviews common types of process tomography systems, brief 
history of process tomography based mass flow rate measurement, flow velocity 
measurement techniques and embedded system technology. 
Chapter 3 focuses on the hardware implementation of this research.  The 
sensor configuration, signal conditioning circuits and architecture of the embedded 
systems are described.   
Chapter 4 describes the software and firmware development to support the 
developed system.  The data acquisition process, image reconstruction algorithm, 
cross correlation function, velocity profile measurement, mass flow rate 
measurement and communications between modules are explained thoroughly. 
Chapter 5 presents the results obtained from experiments in terms of accuracy 
and processing speed.  These results comprise of image reconstruction results, 
velocity measurement result and mass flow rate measurement results.   
Chapter 6 states the conclusions made from this research and 
recommendations for future research. 
